Introduction
The fluorescence decay kinetics for spinach chioroplasts at room tenperature has been found in recent studies to be characterized by three exponential components [1] [2] [3] . The slow phase (1-2ns) is "delayed" fluorescence arising from chlorophyll (Chi) antenna molecules excited upon charge recombination between, P 809 the oxidized primary electron donor in photosystem II (PS II), and 1, the reduced primary electron acceptor, which is believed to be a pheophytin molecule [4] [5] [6] [7] . The recombination occurs with a high yield when the secondary electron acceptor Q [8] is reduced [1] [2] [3] [4] [5] [6] [7] . Two faster phases of fluorescence decay are due to excitation that is lost prior to reaching the reaction center. Of these, the more rapid one (50-100ps) reflects the excitation transfer time from the Chi a antenna of PS II (Chi a2) to the reaction center of PS II, and the less rapid one (400-750ps) arises, in part, from excitation transfer from the Chi a/b light-harvesting antenna (Chl a/b LH) to the reaction center of PS II. These two light-harvesting Chl components make up the PS II antenna in Butler's tripartite model [9] . The interpretation of the three fluorescence decay components is based on the assumption that the room temperature fluorescence is mostly from the PS II antenna; that is, from the Chi a 2 antenna and the Chi a/b LH antenna. PS I fluorescence may make a small contribution in addition, but this should not substantially effect the interpretation of the three components as outlined above (For details see Ref.
[3]).
The room temperature fluorescence emission spectrum from spinach chioroplasts is broad and featureless with a peak at 680-685rvn and a tail extending to beyond 700nm [10] . The spectra of the three fluorescence decay components are similar to each other [1] . Thus, it is not possible to study the fluorescence decay from the different components of the photosynthetic unit independently by varying the detection wavelength. In contrast, at 77K, the fluorescence emission spectrum, while still broad, is resolved into three peaks at 685m, 695m, and 735nm [10, 11] . From measurement of the fluorescence emission spectra of purified subchloropiast particles at 77K, it has been proposed that the origin of these three peaks are the Chi a/b LH antenna (685rin), the Chi a2 antenna (695nm), and PS I (735nm) [11] .
Picosecond resolution of the fluorescence decay kinetics as a function of wavelength at 77K allows a selective study of the fluorescence properties of different parts of the photosynthetic unit. The fluorescence decay at short wavelengths (x680mi) is characterized by three exponential decay components which resemble those at room temperature. At long wavelengths (x710nm), the fluorescence decay is described by one expnential rise component and two exponential decay components. The resolvable risetime is 50-100ps, and the major decay component has a lifetime of about 3ns. The other component, with a lifetime, of 400-600ps, is a small fraction of the total decay and appears to be associated with the tail of the short wavelength fluorescence.
Materials and Methods
Broken spinach chioroplasts were isolated by the method described previously [1, 2] . Measurements were done on chloroplast samples with a Chi concentration of X8 pg/mi. The chioroplasts were suspended in 10mM N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES)-NaOH buffer. (pH 7.5)' containing 0.1M sucrose, 5mM MgCl 2 , 5mM NaC1, 12.5uM 3-(3',4-dichlorophenyl)-1,1-dimethyl urea (DCMIJ), and 1.25mM NH 2OH. DCMU and NH20H were added to assure L that all of the PS II reaction centers were closed by reduction of the secondary electron acceptor Q. The sample was illuminated while being cooled to low temperature (77K) by iimier.sion in liquid nitrogen in an optical dewar.
Fluorescence lifetimes were measured with a single-photon timing system which has a Spectra Physics ynchronously-pumped mode-locked dye laser system as an excitation source. The laser output pulses have a full-width half-maximum duration of about 15ps at the excitation wavelength of 620nm. The fluorescence detection wavelength was selected by placing an interference filter with a bandwidth of +5rmi in front of the photomultiplier. Details of the single-photon timing system and the methods of numerical analysis are described elsewhere [1, 12, 13) . All of the data analyses presented here result from a resol ution of the fluorescence decay kinetics into a sum of exponentials. That is, the time dependence of the fluorescence decay is given by 3 
Results
The fluorescence decay components from spinach chloroplasts at 77K for detection wavelengths < 680nm are sumarized in Table I . These components are similar to the three components observed in spinach chloroplasts at room temperature that are suspended in the same buffer; i.e., spinach chioroplasts in the presence of Mg 2 , DCMLJ, and NH 2 OI-I. Two apparent differences between the room and low temperature results are that the slow and middle phases are faster at 77K and that the relative yield of the slow phase is 40-50% less at 77K
At wavelengths I 710m, we observe a very different fluorescence decay, which is characterized by three different kinetic components. One component is Butleret al. [18] reported that the long wavelength fluorescence rise in pea chioroplasts illuminated at short wavelengths is less than the 50ps resolution of their system. We find that a long wavelength fluorescence risetime between Sops and 150ps is reproducible.
At wavelengths between 685rm and 700nm each of the above five components is present to a large enough extent that the data cannot be fit with only three or four components. At wavelengths between 710mi and 735rin, the long wavelength components are sufficiently dominant that three-exponential fits describe the data. The 400-600ps component of the long wavelength fits, which monotonically decreases in yield for wavelengths .1730 ml, is probably the tail of the short wavelength fluorescence. It is slower than the middle Dhase measured at short wavelengths because some of the short-wavelength slow phase is averaged into it. Analogously, the long-wavelength slow decay component lifetime decreases at wavelengths less than 740nm because some of the short wavelength slow phase probably is averaged into it..
The fluorescence decay components at 670mi and 680nm are similar to the room temperature decay components. We have studied the temperature dependence of the short wavelength components and the absence of an abrupt transition in their temperature dependence suggests that the origin of the 670nm and 680nm components at 77K is the same as the origin of the room temperature components. 
Our analysis

